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Abstract
Thin-walled tube numerical control (NC) bending is a tri-nonlinear physical process with multi-defect and multi-die con-
straints. The clearance on each contact interface is the major factor to indicate the contact conditions. A three-dimensional-finite
element (3D-FE) model is established to consider the realistic dynamic boundary conditions of multiple dies under 
ABAQUS/Explicit platform. Combined with experiment, numerical study on bending behavior and bendability under different 
clearance between tube and various dies is conducted in terms of wrinkling, wall thinning and cross section deformation. The 
results show that (1)with smaller clearance of tube-wiper die and tube-mandrel, the wrinkling can be restrained while the wall 
thinning It and cross-section deformation Id increase; while excessive small clearance blocks tube materials to flow past tangent 
point and causes piles up, the onset of wrinkling enhances It and Id. (2)Both It and Id decrease with smaller clearance of 
tube-pressure die; the wrinkling possibility rises with larger clearance on this interface if the mandrel’s freedom along Y-axis is 
opened; smaller clearance of tube-bend die prevents wrinkling while increases It, and the clearance on this interface has little 
effect on Id. (3)A modified Yoshida buckling test (YBT) is used to address the wrinkling mechanisms under normal constraints in 
tube bending: the smaller clearance may restrain wrinkling efficiently; the smaller wall thickness, the less critical clearance
needed; the critical clearance for tube bending 38 mm×1 mm×57 mm (tube outer diameter×wall thickness×centerline bending 
radius) equals about 20% of initial wall thickness. 
Keywords: bendability; clearance; defects; thin-walled tube; numerical control bending
1. Introduction1
Nowadays, thin-walled tube numerical control ben- 
ding (TWTB) has obtained widely applications in 
many high-tech fields such as aerospace, aviation and 
automobile due to its high precision, efficiency and 
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flexibility advantages and satisfying increasing needs 
for high strength/weight ratio tube components[1-2].
The rotary-draw-bending is one of the most commonly 
used methods in TWTB. Compared with other proc-
esses such as pure bending, stretch bending, rolling 
bending and compression bending, the rotary-draw-be- 
nding has unique loading advantages to form precise 
thin-walled bent tube with higher bending limit, viz., 
under strictly controlled tool constraints of multiple 
dies, the inhomogeneous flow states of tube materials 
can be improved and some ever existing defects in 
bending such as wrinkling, overthinning and section 
distortion could be avoided. For instance, the wrin-
kling risk can be reduced or even prevented with al-
lowed wall thinning and section deformation degrees. 
However, due to the dynamic contact conditions of Open access under CC BY-NC-ND license.
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TWTB with multiple influential factors and defects, it 
is difficult to control the bending qualities by modify-
ing the processing parameters. Currently, there exist 
increasing requirements of thin-walled tube parts with 
large diameter D and small bending radius Rd. These 
tight bending conditions cause the above defects to 
happen more easily and require more strict cooperation 
between tube and various dies. Herein, with lack of 
understanding of the roles of the contact conditions in 
bendability of TWTB, in practice, the “error and trial” 
method is still the primary way to assign the suitable 
contact conditions. For heavy-walled tube with small 
diameter, the tooling setup may be done within couple 
of minutes. However, even though the operator’s ex-
perience is rich, it may take several weeks or even 
more time to carry out the tool setup for thin-walled 
tube bending with small bending radii (Rd/D  2.0) and 
large diameter (D/t  20, t is the tube thickness). Thus 
it is necessary to study the effect of contact conditions 
on the tube bending. 
Over the years, many studies have been conducted 
on tube bending by using analytical, experimental or 
numerical methods. Most of them focused on pure 
bending, stretch bending, press bending or hot bend-
ing[3-6]. For rotary-draw-bending, some scholars inves-
tigated the effect of material properties and geometry 
parameters on bending deformation with respect to 
individual defect such as wall thinning, wrinkling or 
cross section deformation, respectively[7-11]. As for 
thin-walled tube bending, fewer investigations are 
conducted, not to say tight bending[12-14]. To the au-
thor’s best knowledge, the influence of the contact 
conditions on plastic bending from respects of the 
overall bending defects in TWTB has not yet been 
fully addressed. It is noted that the clearance between 
tube and dies is the major variable to indicate the 
boundary conditions if the materials of tube and dies 
are unchanged as well as the lubricants. 
Thus, in this study, combined with experiments, un-
der ABAQUS/Explicit environment, an improved 
three-dimensional-finite element (3D-FE) model of 
TWTB is established to better reflect the dynamic 
boundary conditions in this process such as mandrel’s 
dynamic contact role. Then the bendability of TWTB 
under various clearance between tube and various dies 
is concerned in terms of three major defects such as 
wrinkling, wall thinning and cross section deformation. 
A modified Yoshida buckling test (YBT) is used to 
further reveal the wrinkling behavior of thin-walled 
parts under normal constraints in TWTB. 
2. Experimental Study
Fig.1 shows that, in TWTB, both sides of tube are 
subjected to various kinds of tools’ strict contacting 
effects including bend die, clamp die, pressure die, 
wiper die and mandrel (with multiple flexible balls). 
The tube is clamped against the bend die by the clamp 
die and pressure die; then the clamp die and bend die 
rotate simultaneously, and the tube is drawn past the 
tangent point and rotates along the bend die groove to 
obtain the desired bending angle and bending radius. 
Thus the bending deformation is finished and then the 
mandrel is withdrawn and the tube is unloaded. 
Among these dies, the wiper die is used to fit the gap 
between the bend die and the back tangent of the tube 
to prevent possible wrinkling; the mandrel with multi-
ple flexible balls is used to support the tube inner side 
to avoid wrinkling and cross section distortion. It can 
be seen that, the TWTB essentially depends on the 
contact on various tube-dies interfaces. To ensure high 
quality bent tube components, the bending process 
needs precise coordination of various dies. The contact 
conditions may change the stress and strain distribu-
tions in local field or the whole forming zones. 
In summary, there are altogether five kinds contact 
interfaces including tube-wiper die, tube-mandrel, 
tube-pressure die, tube-bend die and tube-clamp die. 
Both the groove dimensions of dies and the tooling 
setup determine the clearance value of various inter-
faces. Generally, the geometry specifications of dies 
Fig.1 Thin-walled tube numerical control (NC) bending with multiple contact conditions. 
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are determined by pre-design process. In practice, the 
tool setup is conducted to make the best fit (appropri-
ate clearance) for the facility at hand. Here by adjust-
ing the tool setup, the influence of clearance is ob-
served experimentally. 
The forming conditions are as follows: the pro-
grammable logic controller (PLC) controlled tube 
bender W27YPC-63 is used with the same principle 
and die structure to the NC bending machine; the ma-
terial is Al-alloy Al-5052O; tube specification is 
38 mm×1 mm×57 mm (diameter D×wall thickness t×
bending radius Rd); the bending angle is 90q; the 
bending speed is 0.15 rad/s and the push assistant 
speed of pressure die is the same as the tangent linear 
speed of bend die; the tooling parameters are shown in 
Table 1; the lubricant is the stainless steel extrusion oil 
with good oiliness, which is a thick, highly viscous 
fluid lubricant. Fig.2 shows that, under the above con-
ditions, the typical failures happen due to the unrea-
sonable tool setup handle.  
Table 1 Geometry dimensions of tools 
Dimensions/mm 
Tooling parameter 
Length Groove diameter
Pressure die 250 38.04
Bend die 38.12 
Wiper die 120 38.12
Clamp die 115 38.12
Mandrel shank 153 35.60 
Mandrel extension 
length 6
Balls diameter 35.6 
Balls thickness 12
Balls number 2
Mandrel 
parameter 
Pitch 15  
Fig.2(a) shows that, when the tube diameter be-
comes smaller due to the tube thickness variation or 
the larger groove diameter of bend die/pressure die, 
the wrinkling may occur at both sides of tube near the 
neutral layer. Vice versa, in Fig.2(b), the wrinkling 
occurs in the central regions of inside tube. Fig.2(c) 
shows that the wrinkling may occur at the intrados of 
tube with large clearance between tube and pressure 
die. When pressure die is clamped against wiper 
die/bend die in bending process, the clearance between 
tube and mandrel shank becomes larger, which directly 
induces the wrinkling. Fig.2(d) shows that, when the 
wiper die is placed far behind the tangent point or at a 
non-zero rake angle, the wrinkling is prone to occur.  
Fig.3 shows various locations where the wrinkling 
frequently occurs in thin-walled tube bending. The 
multiform and asymmetric local distribution features 
of the wrinkling due to inappropriate setup of tools are 
thus observed. Figs.3(a)-3(c) show that, the wrinkling 
could occur at straight or curved portion of tube, and 
sometimes it may happen at the whole portion of tube. 
Fig.2  Improper tool setups in tube bending process.
Fig.3(d) shows that the wrinkling may happen at front 
portion of tube near clamp die due to relative slip be- 
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Fig.3 Locations of wrinkles occurred in NC bending process.
tween tube and clamp die. Figs.3(e)-3(f) show that, if 
the wiper die and pressure die are not installed at the 
same horizontal level, the ripples may happen at upper 
or lower curved portion of tube. From the experiment, 
it is thus concluded that the clearance can affect 
whether or where the wrinkling occurs, also it is 
thought that, the clearance may have an influence on 
the bendability of tube with respect to other defects 
such as wall thinning and cross-section deformation. 
How the clearance effects the bending deformation and 
how many clearances between tube and various dies 
could be reasonable for given bending conditions are 
needed to be investigated quantitatively. So the FE 
method is used to further study the above issues. 
3. Improved FE Model Considering Dynamic   
Boundary Conditions 
Under the ABAQUS/Explicit platform[15], a half 
symmetrical elasto-plastic 3D-FE model is developed 
to simulate TWTB (shown in Fig.4), which has been 
verified by comparison with the experiments with re-
spect to strain distributions and cross-section deforma-
tion in Ref.[13]. Table 2 shows the mechanical proper-
ties of tube material. Table 3 shows the friction coeffi-
cients on various contact interfaces. The details in FE 
modeling can be found in Ref.[13]. 
Fig.4  Plane symmetry FE model for NC bending with 
38 mm u 1 mm u 57 mm.
Table 2 Mechanical properties of tube material Al-5052O
Parameter Value 
Ultimate tension strength/MPa 190 
Extensibility/% 22
Poisson’s ratio  0.34
Initial yield stress/MPa 90 
Hardening exponent 0.262
Strength coefficient 431
Elastic modulus/GPa 56
Normal anisotropic exponent  0.55 
Density/(kg·m3) 2 700 
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Table 3  Friction conditions on various contact inter-
faces 
Contact interface Friction coefficient 
1 Tube-wiper die 0.05 
2 Tube-pressure die 0.20
3 Tube-clamp die 0.60
4 Tube-bend die 0.10
5 Tube-mandrel 0.05
6 Tube-balls 0.05
The improvement in the present FE modeling shows 
the follows. In the previous FE model[13], the freedoms 
of the mandrel are constrained during tube bending, 
then the mandrel is retracted from tangent point when 
the bending deformation is finished. Fig.5(a) shows 
that, with the above constraints applied, the FE simula-
tion cannot predict the onset of wrinkling when pres-
sure die is loosely pushed against the wiper die. How-
ever, as shown in Fig.2(c), it is experimentally ob-
served that the wrinkling occurs with looser clamping 
of pressure die. The reason is that, with looser clamp-
ing function of pressure die, the flexible mandrel may 
float along the Y direction (in the vertical direction) in 
bending process, which results in larger clearance of 
tube-wiper die and thus induces wrinkling. So in the 
present FE model, the mandrel’s freedom along Y-axis
is not constrained in the whole bending process. Then 
with looser clamping force of pressure die, the wrin-
kling occurs as shown in Fig.5(b), which agrees with 
the experimental results. 
Fig.5 Predicted results of wall thickness variation under 
different constraints of mandrel shank.
In addition, as discussed in Section 2, the clearance 
between tube and various dies has a great effect on the 
bending quality. In the FE model, the initial clearance 
between tube and various dies should be taken strictly. 
Here, three possible cooperation modes are considered. 
For mode 1, the groove diameters of dies are D/2+0.06 
mm; for mode 2, the dies groove diameters are 
D/20.015; and for mode 3, the diameters equal D/2. 
Through the simulations, the wrinkling instability is 
easy to occur for mode 1 due to large clearance be-
tween tube and mandrel, while the results for both 
mode 2 and mode 3 agree with the experimental ones. 
So in this model, for simplicity, mode 3 is employed in 
FE modeling. 
4. Results and Discussion 
In terms of the main defects in TWTB, some indices 
are available to evaluate the tube bendability. Fig.6 
shows that, the defects are conditional on in-plane bi-
axial compressive stress state at the intrados of tube 
and tensile stress states at the extrados, respectively. In 
Fig.6, VT and VMare hoop stress and tangent stress, 
respectively. 
Fig.6 Stress state in thin-walled tube NC bending. 
Firstly, the difference between maximum tangent 
compressive stress and tangent tensile stress is pro-
posed to represent the wrinkling tendency as Eq.(1). 
The wrinkling tendency increases with larger differ-
ence according to “moment balance” principle [13].
max,c max,t| | | |f V V              (1) 
where Vmax,c is the maximum tangent compressive 
stress, Vmax,t the maximum tangent tensile compressive 
stress.
The wall thinning degree can be represented by  
t ( ) / 100%I t t tc  u             (2) 
where t is tube initial wall thickness, tc the minimum or 
maximum wall thickness after bending. 
Due to the special boundary conditions of the NC 
bending, the tube is constrained in the transverse di-
rection by the groove of bend die and the tube is under 
free deformation conditions along vertical axis as 
shown in Fig.7. Thus the change ratio of the 
cross-section along vertical axis is chosen to describe 
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the cross-section deformation degree as 
d ( ) / 100%I D D Dc  u            (3) 
where D is initial tube diameter, Dc the vertical length 
of cross-section deformation after bending. 
Fig.7  Sketch of cross-section deformation after bending.
As discussed in Fig.3(d), the more clamp force and 
enough grip function of clamp die should be applied to 
preventing the relative slip on tube-clamp die interface, 
which may result in the wrinkling at the front end of 
tube near clamp die. Thus the coupling effects of 
clearance between tube and other four die surfaces on 
bending deformation are focused including tube-wiper 
die, tube-mandrel, tube-pressure die and tube-bend die. 
4.1. Effects of clearance on wrinkling instability 
As shown in Fig.2(d), when the wiper die is placed 
backward the tangent point with offset distance 1 mm, 
2 mm, 3 mm and 4 mm, the wrinkling does not occur 
at any cases, though the wrinkling tendency increases 
with larger offset distance. In addition, it is predicted 
that, with two rake angles of wiper die 1q and 2q, the 
wrinkling occurs. The larger the rake angle is, the 
more wrinkling tendency becomes. Fig.8 shows the 
distributions of the maximum tangent compressive 
stress with different rake angles. It can be seen that, at 
early bending stages, the tangent compressive stress 
with non-zero rake angle is smaller than those with 
rake angles of 1q and 2q. Then in the following study, 
the wiper die is set up at zero rake angle and the die’s 
tip is fit to the tangent point snugly.  
Fig.8 Comparison of tangent compressive stresses with 
different rake angles of wiper die.
The clearance effect on tube-wiper die interface on 
wrinkling is studied with clearance ranging from 0 mm 
to 1.0 mm. It is found that the wrinkling tendency in-
creases with larger clearance on this interface. When 
the clearance is larger than 0.3 mm, as shown in 
Fig.3(a), the wrinkling occurs initially behind the tan-
gent point. In addition, for the wrinkled tube, the wall 
thickening degree at the intrados fluctuates along 
bending direction. Fig.9 shows that the wall thickening 
degree increases with larger clearance between tube 
and wiper die. Thus the wall thickening degree can 
indicate the onset of wrinkling and wrinkling severity. 
Furthermore, according to Eq.(1), the difference f with 
various clearances is shown in Fig.10. It is found that, 
with larger clearance, the maximum tangent compres-
sive stress becomes much larger than the tensile stress. 
With smaller clearance, both the stresses approach 
progressively. It is noted that, with the clearance of 
Fig.9  Effect of clearance of tube-wiper die on wall thick-
ening degree. 
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Fig.10  History curves of maximum tangent stresses with 
various clearances of tube-wiper die.
0 mm, even the tensile stress becomes larger than the 
compressive stress. By the “Moment balance” princi-
ple, the larger clearance increases the nonuniform de-
formation degree and results in the inward shift of the 
neutral layer, which reduces the anti-wrinkling ability 
of tube. It is found that, when the clearance equals 
0.06 mm, the stress state can be regarded as the best 
and the compressive stress is the closest to the tensile 
stress.  
The clearance effect on tube-mandrel interface on 
wrinkling is studied with clearance ranging from 0 mm 
to 1.0 mm. It is found that, the wrinkling possibility 
increases with larger clearance between tube and man-
drel. As observed in Fig.3(b), when the clearance is 
larger than 0.2 mm, the wrinkling occurs initially be-
hind the tangent point and spreads along the bending 
direction. Fig.11 shows the deformation contour of 
wrinkled tube with clearance of tube-mandrel 0.6 mm. 
As what is discussed about clearance effects of 
tube-wiper die (shown in Fig.10), by comparing the 
maximum tangent stress distributions both at the in-
trados and extrados, it is found that, with the clearance 
larger than 0.5 mm, the maximum compressive stress 
becomes larger than tensile stress. The maximum dif-
ference f is about 12%. While when the clearance is 
less than 0.2 mm, the difference f becomes minor or 
even negative. Thus the small clearance on this inter-
face improves the uniform bending deformation of 
tube. However, when the clearance equals 0 mm, the 
mandrel blocks the forward flow of tube materials and 
the wrinkling happens due to the piling up of tube ma-
terial. The maximum clearance with free wrinkling is 
0.2 mm for bending conditions in this study, which is 
obtained via a series of simulations. 
Fig.11  Deformation contour with clearance of 0.6 mm at 
tube-mandrel.
Just as discussed in Section 3, when the mandrel’s 
freedom along Y-axis is not constrained in the FE 
model, the wrinkling may occur due to larger clearance 
between tube and wiper die. In this section, the free-
dom of mandrel along Y-axis is constrained to consider 
the clearance effect on tube-pressure die interface on 
onset of wrinkling. The clearance ranges from 0 mm to 
1.0 mm. It is found that, the wrinkling does not occur 
for all considered clearances. By comparing the 
maximum tangent stress distributions for different 
clearances, we found that, the trends of both the tan-
gent stresses are almost the same with different clear-
ance. Thus it is concluded that the clearance between 
tube and pressure die itself has little effect on wrin-
kling. However, if the dynamic condition of the man-
drel is considered, larger clearance between tube and 
pressure die results in larger clearance between tube 
and wiper die, which may induce the wrinkling onset. 
The clearance effect on tube-bend die interface on 
wrinkling is studied with clearance ranging from 0 mm 
to 1.0 mm. It is found that, the stable bending can be 
accomplished with small clearance on this interface. 
However, when the clearance becomes larger than 
0.5 mm, the wrinkling occurs near the front end of 
bending tube. And with larger clearance, the ripple 
waves become more severe. Fig.12 shows that, the 
wall thickness variation at the intrados is the most 
Fig.12  Effect of clearance of tube-bend die on wall thick-
ening degree.
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uniform for zero clearance on this interface. Further-
more, the maximum tangent stress distributions for 
different clearances are observed. It is found that, with 
larger clearance between tube and bend die, the maxi-
mum compressive stress becomes larger than the 
maximum tension stress, which implies more obvious 
wrinkling tendency. 
4.2. Wrinkling behavior under normal constraints
In thin-walled tube NC bending, the tube is subject 
to multiple die constraints at both sides of tube surface. 
To study the wrinkling initiation and growth in this 
process, a modified YBT is used. YBT is conducted to 
study the wrinkling tendencies of sheet metal in 
stamping processes and many studies of this test have 
been conducted[16-18]. Fig.13(a) shows that, in modified 
YBT, a square plate is stretched in diagonal direction 
under normal rigid constraints on both sides. By using 
ABAQUS/Explicit, an explicit FE model is established 
to simulate this test. The material is Al-5052O. The 
stretch speed is 1.0 mm/s. Figs.13(b)-13(d) show dif-
ferent wrinkling behavior under various normal con-
straints. Thus how the critical clearance affects the 
wrinkling instability is addressed. 
Fig.13 Modified YBT.
In Ref.[17], the wrinkling onset in YBT is studied 
from normal pressure point. Due to nonuniform dis-
tribution of pressure in practice, in this study, one ge-
ometry-based index, i.e. the wrinkling height is used to 
represent the wrinkling tendency. With larger wrin-
kling height, the wrinkling risk increases and hence 
less clearance is needed. We found that, with free 
normal constraints, a half ripple occurs with the high-
est wrinkling height. When the clearance equals 
2.0 mm, three half ripples occur with medium wrin-
kling height. While with the clearance of 0.8 mm, the 
wrinkling does not occur. Furthermore, with smaller 
wall thickness, the wrinkling height becomes larger 
and thus the smaller critical clearance is required. 
Similarly, in thin-walled tube NC bending, both the 
external and internal tube walls are subject to contact 
forces of various tools. Thus the tube can be regarded 
as double-curved shell under normal constraints. In 
thin-walled tube bending with smaller wall thickness, 
the constraints are necessary for restraining the wrin-
kling. As discussed in Section 4.1, the critical clear-
ance for tube bending 38 mm×1 mmh57 mm has been 
obtained numerically, which equals about 20% of ini-
tial wall thickness. 
4.3. Coupling effects of clearance on tube bendability 
Besides wrinkling, the coupling effects of clearance 
on wall thinning and cross-section deformation are 
studied to comprehensively address the bendability of 
this process. 
Fig.14(a) shows that, with larger clearance between 
tube and wiper die, the wall thinning degree It be-
comes smaller. Especiallyˈwhen the clearance in-
creases from 0 mm to 0.3 mm, It decreases sharply. But 
when the clearance further increases, its effect on It
becomes less significant than that from 0 mm to 
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0.3 mm. Also Fig.14(b) shows that, with larger clear-
ance on this interface, the cross-section deformation 
degree Id decreases. Also, when the clearance increases 
from 0 mm to 0.3 mm, Id varies greatly. Thus the con-
trary conclusion is obtained, viz., small clearance be-
tween tube and wiper die may avoid the onset of wrin-
kling, while may increase It and Id. In addition, the tip 
of the wiper die will be worn severely with excessive 
small clearance. 
Fig.14 Bending quality with different clearances of tube- 
wiper die.
Fig.15(a) shows that, at later bending stage, with 
larger clearance between tube and mandrel, the wall 
thinning degree It increases. It is found that It with the 
clearance of 0.5 mm and 0.8 mm becomes larger 
abruptly at bending time of 1.6 s. At early bending 
stage, It with clearance of 0.2 mm increases stably. The 
reason is that, the wrinkling occurs for the clearance of 
0.5 mm and 0.8 mm. The wrinkling may enhance It,
which counteracts the positive effect of larger clear-
ance between tube and mandrel. As for case with 
clearance of 0.2 mm, the wrinkling does not happen 
and the variation of the wall thinning is the most stable 
among three cases. Fig.15(b) shows that, when the 
clearance increases from 0.1 mm to 0.2 mm, the cross- 
section deformation degree Id becomes smaller. While 
when the clearance increases from 0.2 mm to 0.4 mm, 
Id becomes larger sharply. This phenomenon is also 
due to the onset of the wrinkling. Similar with wall 
thinning, when the clearance increases in small range 
with free wrinkling, the block force exerted by man-
drel becomes less and thus Id is reduced; but when the 
clearance increases in larger range, the wrinkling onset 
causes Id to become larger abruptly. 
Fig.15 Bending quality with different clearance of tube- 
mandrel.
The larger clearance of tube-pressure die provokes 
the wrinkling when the freedom of the mandrel along 
Y-axis is opened. The clearance between tube and 
pressure die has little effect on wrinkling with con-
strained freedom along the vertical direction. However, 
whether the freedom is constrained or not, the smaller 
clearance on this interface reduces It and Id. Further-
more, the effect significance can be improved via 
changing friction coefficient on this interface. With the 
clearance of 0.06 mm, increasing the friction between 
tube and pressure die can reduce both It and Id signifi-
cantly. 
Fig.16 shows that, both It and Id vary nonlinearly 
with variation of clearance of tube-bend die. It is 
found that the wall thinning degree It with the clear-
ance of 0 mm is the least. The clearance on this inter-
face has little effect on Id.
It can be found that smaller clearance may reduce 
the wrinkling tendency. However, except for tube-pre- 
ssure die, smaller clearance on tube-die interface may 
cause over thinning and cross section distortion. That 
is because, the clearance on different interfaces affects 
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Fig.16  Wall thinning degrees with different clearances of 
tube-bend die.
the local/whole stress state of tube and hence controls 
various defects. The tangent compressive stress under 
different boundary conditions is tracked as shown in 
Fig.17. It is found that, with no wiper die or small 
mandrel size, the compressive stress increases greatly 
in tube bending which results in the onset of wrinkling. 
With wiper die or larger mandrel size, the correspond-
ing stress becomes smaller, which reduces the wrin-
kling tendency. Furthermore, enough clearance on 
tube-mandrel interface should be left for the smooth 
flow of tube materials such that the tube is drawn past 
the tangent point and is bent.  
Fig.17 Tangent compressive stresses with different bound-
ary conditions.
5. Conclusions 
(1) With smaller clearance of tube-wiper die, the 
wrinkling can be restrained efficiently, while the wall 
thinning degree It and cross-section deformation de-
gree Id increase.  
(2) With smaller tube-mandrel clearance, the wrin-
kling can be prevented, but the wall thinning degree It
and cross-section deformation degree Id increase, and 
the excessive small clearance blocks the materials to 
flow past tangent point. The onset of wrinkling en-
hances It and Id.
(3) The clearance between tube and pressure die de-
termines the clearance of tube-wiper die, so the wrin-
kling possibility rises with larger clearance on this 
interface, but when the mandrel’s freedom along 
Y-axis is constrained, the clearance of tube-pressure 
die itself has little effect on wrinkling, and with larger 
friction on this interface, both It and Id decrease. 
Smaller clearance of tube-bend die prevents wrinkling 
from occurring, but increases It, and the clearance on 
this interface has little effect on Id.
(4) A modified YBT is used to address the wrinkling 
mechanisms under normal constraints in thin-walled 
tube bending. It is found the smaller clearance may 
restrain wrinkling; the smaller wall thickness, the less 
critical clearance needed. The critical clearance for 
tube bending 38 mm×1 mm×57 mm equals about 20% 
of initial wall thickness. By adjusting the clearance 
among the critical value, the bendability of tube mate-
rials can be improved, viz., both It and Id are reduced 
with free wrinkling. 
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